Short-term behavioral sensitization of the gill-withdrawal reflex after tail stimuli in Aplysia leads to an enhancement of the connections between sensory and motor neurons of this reflex. Both behavioral sensitization and enhancement of the connection between sensory and motor neurons are importantly mediated by serotonin. Serotonin activates two types of receptors in the sensory neurons, one of which is coupled to the cAMP͞protein kinase A (PKA) pathway and the other to the inositol triphosphate͞ protein kinase C (PKC) pathway. Here we describe a genetic approach to assessing the isolated contribution of the PKA pathway to short-term facilitation. We have cloned from Aplysia an octopamine receptor gene, Ap oa1, that couples selectively to the cAMP͞PKA pathway. We have ectopically expressed this receptor in Aplysia sensory neurons of the pleural ganglia, where it is not normally expressed. Activation of this receptor by octopamine stimulates all four presynaptic events involved in short-term synaptic facilitation that are normally produced by serotonin: (i) membrane depolarization; (ii) increased membrane excitability; (iii) increased spike duration; and (iv) presynaptic facilitation. These results indicate that the cAMP͞PKA pathway alone is sufficient to produce all the features of presynaptic facilitation.
S
ensitizing stimuli to the tail of Aplysia are capable of producing both short-term and long-term facilitation of the synaptic connections between the sensory and motor neuron as a function of a number of training trials (1) (2) (3) . Tail stimuli activate several different types of modulatory neurons, of which the serotonergic neurons are particularly important for reflex enhancement to sensitizing stimuli (4) . The short-term synaptic facilitation produced by serotonin or 5-hydroxytryptamine (5-HT) is accompanied by four changes in the sensory neurons: (i) membrane depolarization; (ii) increase in the duration of the action potential; (iii) enhanced membrane excitability; and (iv) enhanced neurotransmitter release (3, (5) (6) (7) (8) (9) (10) . Aplysia sensory neurons seem to have at least two types of 5-HT receptors, and these are coupled to different signal transduction pathways. One receptor is coupled to the adenylyl cyclase-cAMP-protein kinase A (PKA) system and the other to the inositol triphosphate (IP 3 )͞protein kinase C (PKC) system (5, (10) (11) (12) . The dissection of the relative contributions of PKA and PKC to presynaptic facilitation has been carried out mostly pharmacologically (for review, see ref.
3). We here attempt to address this issue genetically by overexpressing in the sensory neurons a heterologous receptor that activates only one signaling pathway by a naturally occurring ligand.
Toward this end, we have isolated from Aplysia an adenylyl cyclase-coupled octopamine receptor (Ap oa 1 ) by using PCR based on homology screening (13) . Pharmacological, biochemical, and physiological analyses indicate that this is a member of the G protein-linked receptor family that has as its natural ligand octopamine (OA), and that is positively coupled only to adenylyl cyclase and not to the IP 3 ͞PKC pathway. Ap oa 1 is not endogenously expressed in Aplysia sensory neurons. We therefore expressed this receptor gene by microinjection in the sensory neurons (14, 15) . Activation of this receptor by OA selectively engages the cAMP͞PKA pathway. This selective activation of the cAMP͞PKA pathway is sufficient to produce all four presynaptic events involved in short-term facilitation.
Materials and Methods Molecular Cloning of Ap oa1. PCR amplification was performed on 1 g of genomic DNA with 1 g of each of the two degenerate primer pools: 5Ј-AAG AAT TCT G(C,T)T GGT T(A,G)C CIT T(T,C)T TT-3Ј and 5Ј-AAG CGG CCG CAG C(A,G)T A(A,G,T)A TIA (T,C)(A,C,G,T)G G(A,G)T T-3Ј
, corresponding to the transmembrane domain sequences that are highly conserved among mammalian and Drosophila biogenic amine receptors. The PCR reaction yielded a DNA fragment of 210 bp, which was subsequently used as probe to obtain the entire ORF by screening the Aplysia californica genomic library and accessory radula closer muscle cDNA library (16) . As a comparative study, we also cloned a cDNA sequence of Ap oa 1 by a nested PCR strategy from Aplysia kurodai that is commonly found in Eastern Asian Pacific coastal lines. We amplified the full-length coding region of Ap oa 1 from A. kurodai by PCR by using the primers 5Ј-CCCAAGCTTACAACCACCACGAAATG-3Ј and 5Ј-GCTCTAGAGTACGACAGACGTGCGT-3Ј. The PCR product containing the DNA sequence encoding Ap oa 1 was subcloned into the expression vector pNEX␦ (14) by using HindIII and XbaI sites to create pNEX␦-Ap oa 1 . 1 or pcDNAIIImuscarinic acetylcholine receptor (mAChR) m3 (17) by using GenePORTER (Gene Therapy Systems, San Diego, CA). Transfection and PI assay for the two receptors were done in parallel at the same time, as described elsewhere (18, 19) . cAMP assays were also done in these transfected cells. The data are representative of three independent experiments, each conducted in duplicate.
Reverse Transcriptase-PCR (RT-PCR) Analysis. RT-PCR analyses of Ap oa 1 and 18S RNA were similarly done as described elsewhere (16) . The gene-specific 32 P-labeled probes of Ap oa 1 and 18S RNA were 5Ј-ACC CGC TGC AGT ATG AGA GCA AGA TGA CGC GGC CG-3Ј and 5Ј-GGG CAA GTC TGG TGC CAG CAG CCG CGG TAA TTC C-3Ј, respectively. Hybridization was done at 60°C for 12 hr. High stringent washings were sequentially performed at 60°C in 2ϫ standard saline phosphate͞EDTA (SSPE) (1ϫ, 0.18 M NaCl͞10 mM sodium phosphate, pH 7.6͞1 mM EDTA)-0.1% SDS (15 min)͞1ϫ SSPE-0.1% SDS (15 min)͞0.5ϫ SSPE-0.1% SDS (15 min).
Heterologous Expression and Electrophysiology in Xenopus Oocyte.
Expression of Ap oa 1 , human ␤ 2 -adrenergic receptor (20) , the mouse 5-HT 2c receptor (21) , Lym oa 1 (22) , and human cystic fibrosis transmembrane regulator (CFTR) (23) in Xenopus oocytes and voltage clamp recordings were performed as described elsewhere (24) .
Gene Transfer into Sensory Cells. Animals (A. kurodai) weighing 150-250 g were purchased from a local supplier in Pusan, Korea. The sensory neurons in the ventrocaudal clusters of pleural ganglia were microinjected with the DNA construct of pNEX␦-green fluorescent protein (GFP) (25, 26) or with a mixture of pNEX␦-GFP and pNEX␦-Ap oa 1 as described elsewhere (27) . The GFP-DNA construct was used as the marker of DNA expression in the living cells.
Electrophysiological Recordings for Sensory Neurons: Membrane Potential, Spike Duration, and Membrane Excitability. Standard intracellular recording techniques were used in a current clamp mode (28) . The only cells used were those that had resting membrane potentials more negative than Ϫ40 mV. To determine the spike duration in the sensory cells, a 0.4-nA current pulse was delivered into the cells for 15 ms (short pulse). Spike duration was measured from the peak of the spike to repolarization of the spike to 25% of its amplitude. Depolarizing current pulse steps ranging from 0.1 to 0.3 nA with a duration of 500 ms (long pulse) were pretested in each cell to determine the threshold of current that produced only one spike before drug application. Immediately after these baseline recordings with the short pulse and long pulse, a drug was applied to the bath for 5-6 min before another drug application. The long pulse was usually delivered only once or twice within 1-2 min after each drug application. The number of spikes during the long pulse represented membrane excitability. Short (15-ms) pulses were delivered every 30 s and separated from long (500-ms) pulses by 30-60 s throughout the recordings. Only one sensory cell was recorded from each ganglion.
Rp-cAMPS Iontophoresis and Electrophysiological Recordings. Electrophysiological recordings with OA or with 5-HT application were carried out as described above. The drug was completely washed out from the bath, and sensory neurons were rested for 2 hr before Rp-cAMPS (80 mM) (adenosine-3Ј,5Ј-cyclic monophosphorothioate, Rp-isomer, BIOLOG, Bremen, Germany) iontophoresis. Iontophoresis was done as described elsewhere (10) by injecting negative current (1.4 nA) for 20 min. After Rp-cAMPS iontophoresis, electrophysiological recordings with OA and 5-HT were repeated.
Excitatory Postsynaptic Potential (EPSP) Recording in Sensory Motor
Connections. EPSP was recorded from motor neurons in the pedal ganglion after eliciting a single spike by intracellular stimulation from sensory neurons in the pleural ganglion, as described elsewhere (28, 29) . Sensory neurons were microinjected with pNEX␦-GFP and pNEX␦-Ap oa 1 1 day before EPSP measurement. Two EPSP measurements, obtained before and after application of drugs for 5 min, were compared to calculate the change in amplitude.
Statistical Analysis. Paired analyses for changes in membrane excitability and spike broadening were carried out by using the Wilcoxon signed rank test. The Mann-Whitney U test was used to measure the significance of EPSP changes by treatment with OA and 5-HT.
Results

Molecular Cloning of the OA Receptor and Its Expression in the
Nervous System of Aplysia. Using a PCR and homology screening of the Aplysia genomic and cDNA libraries, we have isolated an OA receptor, Ap oa 1 , from the genomes of A. californica and A. kurodai (Fig. 1A) . Ap oa 1 contains an ORF of 394 amino acids. The amino acid sequences of Ap oa 1 from two Aplysia species are nearly identical (94% homologous). Sequence identity with other OA͞tyramine receptors is 36-47% in transmembrane domains and 24-30% in the entire amino acid sequences. Furthermore, the lengths of second extracellular and third intracellular loops and C-terminal tail are very different from those of other OA͞tyramine receptors. Specifically, Ap oa 1 has a rather short third intracellular loop region. Interestingly, however, these hypervariable loops of Ap oa 1 are comparable in length to those of mammalian ␤ 2 -adrenergic receptors that are well known to couple to G s protein. These features indicate that Ap oa 1 may represent a new class of OA͞tyramine receptors.
We performed RT-PCR reactions to examine the expression of Ap oa 1 mRNA in the central nervous system (CNS) of Aplysia. Total RNA was isolated either from total CNS or from only the pleural sensory cluster and reverse transcribed into cDNAs. As shown in Fig. 1B , we found that Ap oa 1 is expressed in the Aplysia nervous system but not in the sensory neurons. In contrast, 18S RNA, an internal control, was detected in both CNS and sensory neurons at the same level. Neither Ap oa 1 nor 18S RNA was amplified unless RT-PCR reactions contained reverse transcriptase, indicating the PCR products are originated from RNA, not from genomic DNA.
Ap oa1 Stimulates cAMP Production in Response to OA. We stably expressed Ap oa 1 in HEK 293 cells and tested the effects of a number of biogenic amine neurotransmitters on cAMP production to determine whether Ap oa 1 encodes a functional receptor ( Fig. 2A) . Among all the biogenic amine neurotransmitters tested, OA stimulated cAMP production most effectively, and it did so in a dose-dependent saturable manner with an EC 50 ϭ 30 nM. Beside OA, tyramine and dopamine also stimulated cAMP production, but at a higher concentration. In control experiments, OA, tyramine, and dopamine had no effect on cAMP production in the untransfected HEK 293 cells at a concentration up to 10 M (data not shown). Serotonin and histamine had no appreciable effect in a concentration up to 10 M (data not shown). We also expressed Ap oa 1 transiently in HEK 293 and CHO cells. We found that OA stimulated cAMP production in these cells in a dose-dependent manner (data not shown), indicating that this cAMP increase was not caused by the property of a particular cell line, but by expression of the receptor either stably or transiently.
We also performed the PI assay by using HEK 293 and CHO cells heterologously expressing Ap oa 1 and examined whether activation of the receptor stimulates PI metabolism. When the HEK 293 cells expressing Ap oa 1 were activated by OA in a dose-dependent manner, no significant [ 3 H]inositol phosphate production was detected (Fig. 2B) . Similarly, no significant increases of PI hydrolysis were detected in transfected CHO cells on application of OA (data not shown). In control experiments, we used the same cell lines but transfected with the porcine mAChR m3 that is known to be coupled to PI metabolism (17) . In contrast to OA, application of acetylcholine to the HEK 293 ( Fig. 2B ) and CHO cells (data not shown) produced significant increases in [ 3 H]inositol phosphates in a dose-dependent manner. These data indicate that Ap oa 1 is coupled to adenylyl cyclase but not to phospholipase C activation.
We used a Xenopus oocyte system to examine electrophysiologically the coupling specificity of the receptor to second messenger pathways (Fig. 2C) . We focused on two types of membrane current generated by activation of different GTPbinding proteins. We first examined the CFTR, a Cl Ϫ channel stimulated by PKA after activation of G s (30) . The ␤ 2 -adrenergic receptor is known to activate this current (Fig. 2C) . Xenopus oocytes also have an endogenous Cl Ϫ channel that is activated by IP 3 after activation of G o or G q (21) . Activation of the 5-HT 2c receptor is known to generate this current (Fig. 2C) .
In vitro-transcribed cRNAs of Ap oa 1 or ␤ 2 -adrenergic receptor and 5-HT 2c were injected into oocytes with CFTR cRNA to determine which type of current is activated by Ap oa 1. Activation of Ap oa 1 from either A. californica or A. kurodai by application of 100 nM OA led only to a slowly activating CFTR current (314 Ϯ 44 nA: mean of peak amplitude Ϯ SEM, n ϭ 7) and not to an IP 3 -activated endogenous current (Fig. 2C) . Similarly, activation of ␤ 2 -adrenergic receptor with 1 M isoproterenol led to generation of the CFTR current (425 Ϯ 92 nA, n ϭ 4), but did not activate IP 3 -stimulated endogenous current (Fig. 2C) . Activation of coinjected 5-HT 2c produced a fast endogenous current in both the absence (n ϭ 6) and presence (n ϭ 7) of CFTR expression (Fig. 2C) . In contrast to the Ap oa 1 and ␤ 2 -adrenergic receptor, activation of Lym oa 1 , a receptor that is linked to both G s and G o ͞G q (22) , gave rise to both IP 3 -activated Cl Ϫ current and CFTR current (n ϭ 5) (Fig. 2C) . These electrophysiological analyses suggest that, like ␤ 2 -adrenergic receptor, Ap oa 1 (from either A. californica or A. kurodai) is positively linked only to G s protein and not to G o or G q proteins.
Aplysia Sensory Neurons Expressing Ap oa1 Show Characteristic
Electrophysiological Responses. To study the role of cAMP͞PKA in short-term facilitation, we expressed Ap oa 1 in Aplysia sensory neurons by microinjecting pNEX␦-GFP and pNEX␦-Ap oa 1 . Fourteen to twenty-four hours after microinjection, the sensory neurons expressing the receptor were noninvasively selected on the basis of GFP fluorescence (Fig. 3A) . We obtained intracellular recordings from GFP-positive neurons.
In the control experiments, some neurons were injected only with GFP marker DNA construct. The expression of GFP protein did not affect the response of cells to 5-HT. 5-HT treatment of these GFP-expressing control cells produced membrane depolarization (Fig. 3B1) , increase in membrane excitability (Fig. 3C1) , and spike broadening (Fig. 3D1) , as has previously been described in Aplysia sensory neurons (3). By contrast, OA treatment of the GFP-expressing cells produced none of these responses (Fig. 3 B1, C1, D1 ). This is consistent with RT-PCR data (Fig. 1B) demonstrating that Ap oa 1 is not expressed endogenously in normal Aplysia sensory neurons.
Both OA and 5-HT Produced Membrane Depolarization. In neurons expressing Ap oa 1 , exposure to OA in the bath led to depolarization of membrane potential by 4.75 Ϯ 0.7 mV (n ϭ 16) (Fig.  3B2 ). Subsequent application of 5-HT to the bath (n ϭ 6) did not depolarize the cells further. Application of 5-HT alone either to the cells expressing GFP only (5.7 Ϯ 0.6 mV; n ϭ 13) or to the uninjected cells (4.4 Ϯ 0.6 mV; n ϭ 12) produced a depolarization to a similar extent that was achieved by OA in neurons expressing Ap Oa 1 . (Fig. 3B1 ). In the control experiments, application of OA either to the cells expressing GFP only (0.5 Ϯ 0.3 mV; n ϭ 10) or to the uninjected cells (0.2 Ϯ 0.2 mV; n ϭ 5) did not change the resting potential significantly.
OA and 5-HT Produce Similar Increases in Membrane Excitability.
Exposure to OA produced an increase in membrane excitability in sensory cells that expressed Ap oa 1 (Fig. 3C2) . During the 500-ms depolarization step, the number of spikes in GFP͞Ap oa 1 -expressing cells changed from 1 to 8.9 Ϯ 1.0 (n ϭ 13) after OA application and to 8.7 Ϯ 1.0 (n ϭ 13) after 5-HT application in addition to OA (Fig. 4A) . The paired analysis shown in Fig.  4B Left for 13 cells revealed that the additional change in the number of spikes by 5-HT was not statistically significant (P Ͼ 0.7, n ϭ 13). Next we reversed the order of drug treatment by applying 5-HT to the sensory cells expressing Ap oa 1 before OA treatment (Fig. 3C3) . The number of spikes per cell produced by 5-HT was 8.9 Ϯ 1.3 (n ϭ 11), and later application of OA to the bath containing 5-HT generated 10.9 Ϯ 1.0 spikes (n ϭ 11) during 500 ms (Fig. 4A) . The paired analysis shown in Fig. 4B Right revealed that the additional change in the number of spikes by OA was statistically significant (P Ͻ 0.02, n ϭ 11). By contrast, the number of spikes in GFP-expressing cells (n ϭ 4) or in uninjected cells (n ϭ 5) remained 1.0 after application of OA but changed to 9.3 Ϯ 1.0 (n ϭ 4) or to 8.2 Ϯ 0.9 (n ϭ 5), respectively, with 5-HT application to the bath containing OA (Fig. 3C1) (Fig. 4A) .
We also tested the effect of prolonged application (Ϸ10 min instead of 5 min) of either OA or 5-HT on the increase in membrane excitability. Prolonged application produced no further significant increase in membrane excitability either by OA (P Ͼ 0.3, n ϭ 4) or by 5-HT (P Ͼ 0.3, n ϭ 8) (Fig. 4A) . Therefore, these data indicate that OA and 5-HT produce very similar increases in membrane excitability, and that the increase in membrane excitability achieved by 5-HT application could be still further enhanced slightly by exposure to OA.
Both OA and 5-HT Produce Spike Broadening. Spike duration was increased by 31.4% Ϯ 5.0% (n ϭ 13) with exposure to OA for 5 min (Fig. 3D2) . In GFP͞Ap oa 1 -expressing cells, the broadening was further increased to 48.2% Ϯ 6.2% in these cells (n ϭ 13) by applying 5-HT for another 5 min on top of OA (Fig. 4C) . The paired analysis shown in Fig. 4D Left revealed that the additional 5-HT-induced increase of spike duration (16.8% Ϯ 4.7%, P Ͻ 0.001, n ϭ 13) was statistically significant.
Next, we reversed the order of drug applications by treating 5-HT to the sensory cells (n ϭ 9) expressing Ap oa 1 before OA treatment (Fig. 3D3) . Application of 5-HT for 5 min increased spike duration by 36.5% Ϯ 8.1%, and application of OA for additional 5 min to the bath containing 5-HT further increased spike duration to 50.7% Ϯ 7.4% (Fig. 4C) . The paired analysis shown in Fig. 4D Right revealed that the additional increase of spike duration by OA was statistically significant (14.2% Ϯ 4.9%, P Ͻ 0.04, n ϭ 9).
In contrast, spike duration was not significantly changed by application of OA either in GFP-expressing cells (Fig. 3D1 ) (2.1% Ϯ 2.1%, n ϭ 4) or in uninjected sensory cells (0.0% Ϯ 0.0%, n ϭ 4). However, spike broadening was achieved by later application of 5-HT on top of OA either to the control cells expressing the GFP protein alone (38.3% Ϯ 6.2%, n ϭ 4) or to the noninjected sensory cells (32.7% Ϯ 10.7%, n ϭ 4) (Fig. 4C) .
We also tested the effects of prolonged application (Ϸ10 min instead of 5 min) of either OA or 5-HT on spike broadening. This application produced no additional broadening of action potential either by OA (P Ͼ 0.3, n ϭ 4) or by 5-HT (P Ͼ 0.1, n ϭ 8) (Fig. 4C) . These data suggest that the additional increase in spike duration by different drugs is specific to the drugs that were applied.
Rp-cAMPS Blocked the Increase in Membrane Excitability and Spike
Broadening Produced by Ap oa1. To determine whether the increase of membrane excitability and spike broadening are caused solely by PKA activity, we iontophoresed Rp-cAMPS (80 mM), a specific PKA inhibitor, into sensory neurons expressing Ap oa 1 . Rp-cAMPS blocked completely the increase in membrane excitability produced by OA of the sensory neurons that expressed Ap oa 1 (1.7 Ϯ 0.3, n ϭ 9) (Fig. 5A) . Before Rp-cAMPS iontophoresis, the same neurons showed a normal increase in membrane excitability when treated with OA (11.4 Ϯ 0.9, n ϭ 9) (Fig. 5A) . This shows that PKA activity is necessary for the increase in membrane excitability.
Later application of 5-HT on top of OA did not increase membrane excitability significantly in the presence of RpcAMPS (2.2 Ϯ 1.0, n ϭ 9) (Fig. 5A ). This suggests that Rp-cAMPS still blocked effectively PKA activity produced by 5-HT on top of OA. Consistent with this finding, 5-HT treatment of the uninjected control cells failed to increase membrane excitability in the presence of Rp-cAMPS (1.0 Ϯ 0.4, n ϭ 5) (Fig.  5A) . Taken together, these data indicate that the increase of membrane excitability to both OA and 5-HT is generated predominantly by PKA activity.
The increase in membrane excitability induced by OA became resistant to Rp-cAMPS as the sensory neurons were microinjected with 50 ng͞l or higher concentration of pNEX␦-Ap oa 1 (Fig. 5A) . The expression level of the protein is known to correlate with the copy number of the microinjected DNA construct (27) . Therefore, Rp-cAMPS may fail to effectively block PKA when the Ap oa 1 is highly overexpressed and generates a greater amount of cAMP by OA.
Rp-cAMPS also completely abolished spike broadening produced by OA (0.5% Ϯ 0.5%, n ϭ 5) (Fig. 5B) . Without Rp-cAMPS injection, the same neurons showed spike broadening by the treatment of OA (57.3% Ϯ 22.8%, n ϭ 5) (Fig. 5B) . However, unlike the case of membrane excitability, application of 5-HT on top of OA still produced a significant increase in spike duration even in the presence of Rp-cAMPS (27.9% Ϯ 6.3%, n ϭ 5) (Fig. 5B) . Our data cannot distinguish whether spike broadening is being further enhanced by an additional increase in cAMP produced by 5-HT or whether a second messenger system other then cAMP͞PKA can contribute to additional spike broadening.
Sensory Neurons Expressing Ap oa1 Showed Short-Term Synaptic
Facilitation by Treatment with OA. Activation of Ap oa 1 also generated synaptic facilitation between genetically engineered sensory cells and motor neurons. Application of OA produced a 102.1% Ϯ 58.7% increase in amplitude of EPSP (n ϭ 14), (Fig.  6B ). This synaptic facilitation by OA was statistically significant (P Ͻ 0.002) and comparable to that observed by application of 10 M 5-HT in positive control experiments (119.5% Ϯ 33.8%, P Ͻ 0.002, n ϭ 16) (Fig. 6B) . Indeed, the extent of synaptic facilitation by OA is not significantly different from that by 5-HT (P Ͼ 0.5). In control experiments, when no drugs were applied to uninjected cells, repeated stimulation yielded a small decrease in EPSP amplitude by 18.6% Ϯ 11.3% (P Ͼ 0.1, n ϭ 7). When OA was applied to uninjected cells or to cells expressing GFP alone, we observed similarly a small decrease of amplitude of EPSP by 8.5% Ϯ 10.3% (P Ͼ 0.3, n ϭ 8) or by 12.4% Ϯ 5.5% (P Ͻ 0.05, n ϭ 5), respectively.
Taken together, these data show that intracellular cAMP synthesized by application of OA in the Ap oa 1 -expressing sensory neurons facilitates their synaptic connections to motor neurons, not only in the nondepressed case but even when that connection is slightly depressed (3, 31) .
Discussion
We have taken a genetic approach to dissecting the relative role of cAMP͞PKA and PKC signaling pathways in synaptic facilitation of connections between sensory and motor neurons of the gill-withdrawal reflex. We cloned an Aplysia OA receptor (Ap oa 1 ) and have shown, pharmacologically and electrophysiologically, that this receptor couples exclusively to adenylyl cyclase to stimulate cAMP production. The deduced amino acid sequences suggest that Ap oa 1 represents a new member of the OA receptor family. Our RT-PCR result shows that this receptor is not expressed in Aplysia sensory neurons, which therefore allowed us to express this receptor ectopically in these cells. Thus, by simply applying OA instead of 5-HT, we can selectively activate only cAMP͞PKA pathways in the Ap oa 1 -expressing sensory neurons and ask to what degree cAMP is responsible for each process involved in short-term facilitation.
We find that in Ap oa 1 -expressing neurons, 1 M OA produced all four changes characteristics of 5-HT: (i) membrane depolarization; (ii) spike broadening; (iii) increase in membrane excitability; and (iv) increase in transmitter release. Thus, the data suggest that cAMP plays a major role in these four features of synaptic facilitation.
It is not clear from our data, however, to what degree the increase in synaptic efficacy by OA results from spike broadening or from other processes. We would also emphasize that, as in other studies of plasticity, the results are likely to depend on the particular protocol that we used. Specifically, we have worked primarily with nondepressed or only slightly depressed synapses. There is good evidence that when transmitter release is depressed, PKC becomes importantly involved in facilitation. Also, our data do not exclude the possibility that higher doses of 5-HT or more prolonged exposure to 5-HT would recruit second messenger pathways other than cAMP.
Because cAMP is a key second messenger in the late phase of long-term potentiation in the hippocampus (32) and in associative learning in Drosophila (33, 34) , Ap oa 1 may provide a useful tool to study the role of cAMP in learning and memory by gene transfer of this exogenous receptor to these experimental systems.
